spring freezes (Carter, 1995; Kunkel and Hollinger, 1995) , and excessive precipitation and flooding during
A griculture ranks among the most important ecoUsing crop simulation models, this research was connomic activities of the Upper Great Lakes states ducted to study the impact of weather and climate on of Michigan, Minnesota, and Wisconsin, accounting for typical crops grown in the Great Lakes region for an more than $15 billion in annual cash receipts (USDAextended, 102-yr time period without the influence of NASS, 1997). Weather remains among the most importechnological improvements. Three crops commonly tant uncontrollable elements involved in regional crop grown in the region were chosen for the study-alfalfa, production. The role of growing season precipitation maize, and soybean-which were simulated with the and associated availability of soil moisture is of particuDairy Forage System DAFOSYM (Rotz et al., 1989) , lar importance, and has been the subject of much previ-CERES-Maize, and SOYGRO crop models, respecous research. In general, rainfed crops in the region tively. The latter two models are part of the Decision respond negatively to below normal precipitation totals Support (DSSAT) model software system (Tsuji et al., and the lack of plant-available water during the growing 1994). Nearly all nonclimatic input variables in the simuseason (Thompson, 1986; Brown and Rosenberg, 1997;  lations were held constant so as to isolate the effects of Morey et al., 1980; Larson and Clegg, 1999) , especially weather, which was described collectively by air temduring moisture-sensitive phenological stages (Nesmith perature, precipitation, solar irradiance, and modeland Ritchie, 1992; Sionit and Cramer, 1977;  Andresen derived variables such as evapotranspiration and sea Brown and Tanner, 1983) . Other major sonal change in soil water content. meteorological constraints to crop production identified Specific objectives were: (i) the creation of time series by past studies include heat stress due to high air temof crop yield and agroclimatological variables associated peratures (Carlson, 1990) , lack of warmth and limited with yield to serve as benchmark series for comparison length of the growing season (Lauer et al., 1999) , late with any future changes in climate; and (ii) determination of any trends in the time series developed in (i) straints, but which could become more favorable for were used for both maize and soybean simulation tests.
agriculture in the future given a warmer climate.
Because of significant upward trends in the measured yields during the 1961-1990 period due to improvements in technol-
MATERIALS AND METHODS
ogy and other factors (e.g., Thompson, 1969; Garcia et al., The crop simulation models selected for use in this study 1987), the simulated and measured yield series were not diwere chosen at least partially on the basis of previous tests rectly comparable, because the simulated series were derived for reasonable and satisfactory performance in a number of assuming constant levels of technology. As a result, the mealocations and under varying circumstances (e.g., Hodges et sured county-level yield time series data were first statistically al., 1987; Kiniry et al., 1997; Martin et al., 1996; Colson et al., detrended with linear or nonlinear (simple polynomial equa-1995; Piper et al., 1996) . As a preliminary test for the study, tions) regressions using the TableCurve 3D software package simulated yields obtained from the selected models using an (SPSS, 1997). Measured residual series were then calculated independent five-station set of daily measured weather data as the difference of measured and detrended yields each year. were compared with measured county-level yields for the peFor the simulated yield series, the residuals were defined as riod 1961 (USDA-NASS, 2000 . Stations (counties) used the simulated yield minus the mean simulated yield over the for the alfalfa test simulations were Green Bay, WI (Brown), validation period (1961 (Brown), validation period ( -1990 are given in Fig. 1 . For the 15 crop/site combinations, general during the period of 1895-1996. Thirteen locations across the region (five in Michigan, five in Minnesota, and three in Wisoverall agreement was found in comparisons of the measured and simulated residuals. Mean absolute differences between consin) were selected for analysis on the basis of available climatological data series quality, record length, and homogesimulated and measured residuals ranged from 0.41 to 0.72, 0.48 to 0.65, and 0.16 to 0.26 Mg ha Ϫ1 for alfalfa, maize, and neity for the period 1895-1996. The sites were also chosen on the basis of representative geographical coverage of the resoybean crops, respectively, which were not significantly different in test period means of paired t-tests (P ϭ 0.05) across gion, including all major land resource areas (MLRA), which describe common soils, vegetation, and other natural resource all three crops and all five sites. In only 1 of the 15 crop-site combinations (alfalfa at Sioux Falls) was there a significant characteristics (USDA-SCS, 1981) . Site locations and MLRAs within the region are given in Fig. 2 . Three of the study locadifference in the yield residual variance using an F-test (P ϭ 0.05). In general, the model-simulated yield variances were tions were specifically chosen from northern, historically nonagricultural areas, to investigate the contrast in agronomic larger than measured, which is expected since the measured series are spatial averages of smaller scale yields within a potential found from south to north across the region. Daily series of precipitation and maximum and minimum county and the model simulations, by definition, are single point, plot-level estimates.
air temperatures for each study site were obtained from the NOAA Summary of the Day (NOAA-NCDC, 1895 . In a separate test of model validity, a t-test was used to determine whether or not the slope coefficients of linear re-
The individual lengths of the data series ranged from 68 to 102 yr and all but four of the series began in the 1895-1900 gression between measured vs. simulated residuals at each crop-site combination was significantly different from 0 (i.e., period. Missing air temperature and precipitation data within the period of record were estimated by spatial interpolation ␤ 1 ϭ 0 or ␤ 1 ϶ 0). In all crop-site combinations, the null hypothesis (␤ 1 ϭ 0) was rejected (P ϭ 0.05), indicating a of data from neighboring stations and were provided by the Midwest Regional Climate Center in Champaign, IL (K. Kunlinear relationship between the simulated and measured yield residuals. Overall, the models appeared to account for the kel, personal communication, 1998). Daily solar irradiance data for the entire study period were synthetically generated majority of observed negative and positive deviations from mean yields, and were therefore judged to be acceptable for on the basis of the measured precipitation and air temperature data with the Weather Generator (WGEN) methodology of use in this study.
Historical simulations for all three crops were performed Richardson and Wright (1984) . Soils data used in the simula- tions were based on profile data typical of agricultural soils (DOY) 122] for maize and DOY 137 for soybean. For all alfalfa simulations, a first-year crop stand was assumed. Maize in the vicinity of each location in the study and were obtained from laboratory pedon data available at the National Soil and soybean were harvested each season at physiological maturity (or following abnormal termination of growth due to Survey Center (USDA-NRCS-NSSC, 1999). Daily estimates of potential evapotranspiration, actual evapotranspiration, soil freezing air temperatures). Alfalfa was harvested with four seasonal cuts taken at the seven southernmost stations and water evaporation, and plant-available water were obtained from the crop simulation model output. These water balancethree seasonal cuts taken at the remaining six northern stations depending on weather conditions. For the three cut harvest related variable estimates are based on the original work of Ritchie (1972) and Priestley and Taylor (1972) , and are depensystem, the first cut was set for DOY 166, followed by second and third cuts on DOY 198 and 233, respectively. For the four dent on daily air temperatures, solar irradiance, leaf area of the crop, and existing soil moisture content (Rotz et al., 1989;  cut system, the first cut was set at DOY 152, followed by second, third, and fourth cuts on DOY 191, 232, and 292, reJones and Kiniry, 1986; Wilkerson et al., 1985) . A summary of station locations, climatic periods of record, and basic soil spectively.
Model simulations for all three crops were run indepenprofile information is given in Table 1 .
Mean air temperature and total precipitation averaged for dently in chronological order for each location and scenario. There were no carryover effects from one growing season to the period of record for the April-October months provide an approximate range of growing season climatological condia subsequent season. Soil water in the models initialized each season at the drained upper limit (DUL) or field capacity on tions across the region. Mean air temperatures generally decrease from south to north across the area, from a maximum 1 March for DAFOSYM and on 1 April for CERES-Maize and SOYGRO. Daily output from each of the models, includof 17.7ЊC at Morris to a minimum of 14.7ЊC at Chatham. The pattern of seasonal precipitation totals is more complex, with ing estimates of potential evapotranspiration, actual evapotranspiration, surface runoff, drainage out of the root zone, greatest values in central sections of the region (e.g., Eau Claire, 613 mm; Waseca, 593 mm), decreasing toward both and soil water content, were saved and archived on a daily basis, with growing season statistics calculated in a secondary the east (Bay City, 476 mm) and west (Crookston, 416 mm). The spatial patterns of both variables are in relative agreement processing step. For statistical summation and averaging purposes, the growing season for maize and soybean was defined with published climatological normals for the summer season (Reinke et al., 1993) .
as the date of planting through physiological maturity or termination of growth due to freezing or persistently cold temperaTo isolate the effects of weather and climate on crop performance, soil fertility levels in all simulations were assumed tures. For alfalfa, the growing season was defined as the period from 1 March through 31 October. Decreases in alfalfa yields to be nonlimiting for crop growth and development. Other agronomic input data necessary for the crop simulations (e.g., due to winter injury, a potentially important climatological limiting factor (Sharratt et al., 1986) , were not explicitly accrop cultivar characteristics, plant populations) were chosen to reflect typical current (i.e., late 1990s) technology and growing counted for by the version of DAFOSYM used in the study. conditions. Plant populations were set at 6 and 20 plants m To determine the nature of changes in the variables studied, selected to reflect the climatological conditions across the estimates of both trend magnitude and significance were calcuregion. For maize, a short-season cultivar adapted for use in lated. Trend magnitude was obtained with the method of Sen the Great Lakes region was used. The base 8ЊC thermal time (1968) . A nonparametric statistic was selected due to the lack required for the juvenile phenological stages of the maize of normality for some of the variables analyzed, especially hybrid (P1 variable) was 200, while the thermal time from those involving precipitation. The trend magnitude statistic silking to maturity (P2 variable) was 685. For soybean, a ge-(B ), a nonparametric analogue of the least squares derived neric Group 2 maturity group was used in southern sections slope parameter estimate, is defined as: of the region, while generic Group 1 and Group 0 maturity groups were used in central and northern sections, respec-
tively. Cultivar characteristics are not a user-specified input where
i Ͻ j Յ n, and n the number of observations in the series. Planting dates of both maize and soybean crops were deterThe nonparametric Mann-Kendall or Kendall's tau statistic mined automatically by the models each season on the first (Kendall, 1975) was used to determine the significance of the day meeting user-specified weather and soil conditions (simulated 5 cm soil temperature Ն10ЊC) after 1 May [day of year trends. The null hypothesis, H o , was that the data in the series (Kendall, 1975; Hirsch et al., 1982) . suggest a gaussian-shaped yield distribution, with a slightly longer left tail of the yield distribution resulting from poor-yielding seasons. south, where yields are relatively closer to the physiological maximum potential yields of the three crops. For maize and soybean, the spatial and interannual differences in yield were relatively larger. Means and A variety of agroclimatological variables simulated by the models and averaged across the study period for standard deviations of simulated yields of both crops were found to decrease rapidly from the southern tier each crop are given in Table 3 . The first five variables in the table are the components of the mass water balof sites to the northern sites (e.g., 7.28 Mg ha Ϫ1 mean maize yield at Madison to 0.83 Mg ha Ϫ1 mean yield at ance for a crop at a given location (all in mm), assuming balance between the water source, precipitation, and Chatham). However, when considered relative to the mean yields, the magnitude of the interseasonal variabilthe sum of evapotranspiration, runoff, and drainage (the sinks): ity increased from south to north. At northern sites, low simulated maize and soybean yields due to freeze events RPPT ϭ RET ϩ RRO ϩ RDR ϩ ⌬S [2] or prolonged cool temperatures during the growing season were common, especially for the maize simulations.
where PPT is precipitation, ET is actual evapotranspiration, RO is the runoff, DR is the drainage below the For example, the simulated temporal return frequency of a zero yield season at Chatham ranged from 3.0 yr for rooting zone, and ⌬S is crop water use from soil storage. Assuming no other water was added or lost from the maize to 11.1 yr for soybean (data not shown). With a relatively high frequency of zero or low yield years, posisoil profile, the seasonal change in water from soil storage, ⌬S, was then obtained as the residual of the source tive skewness values were found at most northern sites, while the opposite was true at many of the southern and sinks. Positive values of ⌬S thus indicate increases in soil water storage. sites, where the majority of the simulated yield distribution was above the mean. Overall, the range of skewness There was general correlation between the major source term, precipitation, and the other terms across values illustrates a shift in frequency of weather-limited seasons from northern sections of the region to the all crops, although the strongest correlation was found with the ͚ET term. The ͚PPT and ͚ET were largest season. Both variables tended to decrease from southwestern sites in the region toward the northeast for for the alfalfa crop, followed by maize and soybean. This is primarily a result of the longer growing season all crops. A strong correlation between precipitation, water for alfalfa (198 d for alfalfa vs. a general range of 110-130 d for maize). The seasonal runoff (͚RO) term stress, and interannual crop yields that has been identified by many previous researchers, was also found in this was very similar across the crops, with small differences due to differing soil characteristics. Total mean seasonal study. In Fig. 3 , a scatterplot of simulated ͚ET/PET vs. simulated yields for soybean for the 1897-1996 period drainage (͚DR) for maize and soybean was similar, but less than that of alfalfa with the longer growing season.
of record at Coldwater demonstrates this association. However, the strength of the correlation between yield The change in soil water storage term, ⌬S, tended to be largest for maize and least for alfalfa, which in turn and ͚ET/PET (and other precipitation-related variables) for all crops was found to decrease from south to north was related to rates of ET during the growing season. For example, simulated daily ET rates during the month across the region. This is in agreement with the results of Kunkel and Hollinger (1991) , who utilized CERESof July at Madison averaged 5.0 mm for maize vs. 4.8 and 3.2 mm for soybean and alfalfa, respectively (data Maize and SOYGRO models to simulate regional-scale crop growth and yield in the Midwestern USA. not shown). Soil water storage was an important fraction of ET on a seasonal basis, contributing 12, 29, and 26%
Of the nonwater-related agroclimatological variables investigated for association with simulated crop yields, of the total seasonal ET for alfalfa, maize, and soybean, respectively. highest correlations were found with growing season air temperatures and thermal time. The regional changes Besides the water balance components and crop yields, other variables included in Table 3 are potential between maize yield and these variables is illustrated in Fig. 4 , in which the coefficient of determination (r 2 ) evapotranspiration summed during the growing season, ͚PET, and the summed daily ratio of actual to potential values resulting from regressions of yield and ͚ET/PET (top number) and yield and seasonally summed thermal evapotranspiration, ͚ET/PET, which serves as a proxy for accumulated moisture stress during the growing seatime, base 8ЊC (bottom number) are plotted at each study site. The r 2 values for ͚ET/PET and yield deson and has been previously shown to be highly positively correlated with crop yields (Andresen et al., 1989) .
creased from ෂ0.56 to 0.68 along the southern tier of sites to 0.27 to 0.43 along the northern tier of stations, Both seasonal ͚ET and ͚PET values simulated by the models were within the range of those observed in previwhereas r 2 values for the growing degree days vs. yield regressions increased from 0.06 to 0.27 to 0.28 to 0.59 ous field studies (e.g., Brown and Tanner, 1983; Hattendorf et al., 1988; Rhoads and Bennet, 1990 ; Reicosky in the same direction.
As a further illustration of differing patterns within and Hetherly, 1990). Similar to the water balance variables, largest ͚ET and ͚PET values were found to be the region, a comparison of several simulated variables averaged for the five highest yielding years in the period largest for the alfalfa crop due to its relatively longer 
Historical Trends
of record (POR) vs. the same variables averaged for all years in the POR is given in Fig. 5 for maize at Chatham, Several trends were identified in the historical climaEau Claire, and Madison. The greatest yields in this tological data and from agroclimatological output varinorth-south transect across the region are all associated ables derived from the model simulations. Trend statiswith relatively higher precipitation and other watertics for several variables summarized by crop and site related variables. For example, ͚PPT and ͚ET/PET at are given in Table 4 , while representative time series Madison are 33 and 21% greater for the highest yielding for selected variables obtained in maize simulations for group than for the POR means. In contrast, mean growWorthington are given in Fig. 6 . Across the study period, ing season air temperature for the high-yielding mean the sign of the trend statistic was positive for no less varies from 5% less than the POR means at Madison than 11 of the 13 site-crop combinations for seasonal to 3 and 8% greater than POR means at Eau Claire precipitation, suggesting increases during the study peand Chatham, respectively. These results suggest a shift riod. However, the increases were statistically signifiof the primary climatological constraint for annual crops cant at only one or two locations, depending on crop. from moisture stress in southern sections of the region Further inspection of the precipitation time series data to the amount of accumulated heat, and, by association, indicated a steady or slightly decreasing trend of precipitation with time from the beginning of the study period the length of growing season across northern sections. followed by statistically significant increases in precipinorthern study locations, where increases in growing season length were also noted. tation from approximately the late 1930s through the end of the study period at the majority of the sites Alfalfa yield trends over the period of record were much less well-defined than for the spring-planted an-(data not shown). These increases are in agreement with larger regional scale trends (Karl et al., 1994) and are nual crops, with negative test statistic values at seven locations (one of which was significant) and positive at least partially due to greater frequency of wet days and wet days that follow wet days (Andresen, unpub- values at six locations during the period of record. Closer inspection of the individual yield series at each lished data, 1999). Similarly, increases in simulated soil moisture available to the plant at midseason, a key varisite indicated that yields at 10 of the sites have increased during the past 40 to 60 yr, but similar to precipitation, able in determining ultimate yield potential, were also found for maize (2 of 13 locations with significant inthe increases were partially or totally offset by decreases in yields during the first few decades of the study pecreases) and soybean (4 of 13 locations with significant increases). In contrast, significant decreases in simulated riod, resulting in the mixed period of record trends (data not shown). potential ET were found at 7, 4, and 9 of the 13 locations for alfalfa, maize, and soybean crops, respectively. As
Among the most important of the trends agronomically are decreases in potential ET, which were statistia result of the trends toward wetter, less stressful conditions, there were significant increases in both maize cally significant at 7, 4, and 9 of the 13 sites for alfalfa, maize, and soybean crops, respectively. Since potential (positive trends at 6 out of 13 locations) and soybean (positive trends at 7 of 13 locations) yields across much ET estimates from the models are based primarily on the Priestley-Taylor (1972) methodology, which is in of the region. Overall, greatest increases in simulated yields for all crops with time were found at western and turn largely dependent on net radiation, this decrease is most likely associated with corresponding increasing synthetic solar irradiance series across the growing season were found at all 13 stations (significant at 9), with trends in precipitation and decreases in solar irradiance (not shown). Unfortunately, historical solar irradiance a mean annual decrease of 0.009 MJ m Ϫ2 d Ϫ1 during the study period. Given a mean daily growing season total data in this region are not available, and model input for this study were stochastically generated on the basis across the region of approximately 22 MJ m Ϫ2 d
Ϫ1
, this decrease represents a magnitude of 4.1% for a 100-yr of wet and dry day sequences (Richardson and Wright, 1984) , which makes direct association of the interrelated period, which is similar in magnitude to increases in regional cloudiness during concurrent time periods (Hentrends with changes in solar irradiance more difficult. It is nonetheless notable that decreasing trends of the derson-Sellers, 1989; Angell, 1990). 12, 29, and 26% of total ET was supplied by soil water favorable weather led to consistently high agricultural storage (from nongrowing season precipitation) for alproductivity across the Corn Belt region of the central falfa, maize, and soybean, respectively. The amount of USA (Baker et al., 1993; Carlson, 1990; Thompson, thermal time and growing season length was also found 1986). This period was typified by cooler and wetter to be of importance, especially for annual crops in norththan normal growing season weather across the region ern fringes of the region. While variability of simulated and overall lesser climatic variability than in preceding crop yields was generally found to be lower during the and following decades.
1954-1973 period vs. preceding and following 20-yr periIn an effort to find evidence of this period in the ods, significant positive trends in simulated yields were simulated yield series of the project, means and standard found for many crop-site combinations during the 102-deviations of yield were calculated for three 20-yr segyr study period, which were in turn associated with corments of the series-1934-1953, 1954-1973, and 1974- responding trends toward wetter, less stressful growing 1993-representing time periods before, during, and season weather. after the benign period. Period statistics for maize yields
Collectively, the results demonstrate the potential agat Waseca, Madison, and Coldwater, three sites located ricultural impact of small, but discernable changes in in the southern, most heavily agricultural portion of the climate and suggest that at least some of the observed region, are given in Table 5 . Although not statistically regional yield increases that have occurred in recent significant, simulated mean yields were greatest for the decades have been the result of more favorable weather 1974-1993 period in seven of the nine site-crop combiconditions. The majority of future climate projections nations, with the relatively greater yields of the most in the region currently call for conditions that are recent decades being offset by an unchanging frequency warmer and wetter than the present climate (Wigley, of poor yield seasons (e.g., the 1988 growing season). 1999), which, given the historical climatological conStandard deviations of yield were lowest during the straints identified in this study, might favor agricultural 1954-1973 period for soybean at all three sites and at crops. At a minimum, the series of simulated agroclimaone site (Waseca) for maize and at two sites for alfalfa tological variables developed and the techniques used (also not statistically significant). Thus, this subset of in this study might serve as a baseline reference in efforts the simulated series does at least partially support a to estimate or assess the potential regional agronomic period of relatively lesser climatic and yield variability.
impacts of any future changes in climate. Reasons for the lack of more complete agreement with the previous work may include differences in the spatial results are in agreement with previous work of Thomp-
